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Introduction 


The  breast  cancer  susceptibility  gene,  BRCA2,  has  been  shown  to  play  a  role  in 
cellular  proliferation,  differentiation  and  DNA  repair.  Several  lines  of  evidence  suggest 
that  the  double  stranded  DNA  repair  process  that  occurs  normally  in  the  thymus  during  T- 
cell  receptor  (TCR)  gene  rearrangement  may  provide  a  good  model  for  studying  BRCA2 
function.  First,  whereas  BRCA2  is  expressed  at  relatively  low  levels  in  most  tissues,  it  is 
highly  expressed  in  normal  thymus,  a  tissue  having  elevated  levels  of  proliferation, 
differentiation  and  DNA  break  and  repair  compared  to  other  tissues  [1].  Second,  mice 
carrying  a  truncating  mutation  in  the  5'  region  of  BRCA2  exon  1 1  often  develop  thymic 
lymphomas  that  may  be  the  result  of  defects  in  DNA  repair  in  the  thymus.  Furthermore, 
embryonic  fibroblasts  from  these  mice  have  an  impaired  ability  to  repair  double  stranded 
DNA  breaks  after  X-irradiation  [2,  3].  Finally,  BRCA2  has  been  shown  to  bind  to 
RAD51,  the  eukaryotic  RecA  homologue  involved  in  double  stranded  DNA  repair  [4-7]. 
This  evidence  suggests  that  BRCA2  plays  an  important  role  in  double  stranded  DNA 
repair,  particularly  in  T-cell  receptor  gene  rearrangement  within  the  thymus. 

As  part  of  the  initial  aims  of  this  study,  we  optimized  a  recombination  assay  to 
test  T-cell  receptor  gene  rearrangement  and  used  data  generated  from  this  assay  in  a 
publication  regarding  normal  thymic  biology.  Data  generated  for  the  remaining  aims  of 
this  study  suggest  that  BRCA2  is  involved  in  normal  thymocyte  development.  We  found 
that  BRCA2  is  differentially  expressed  in  thymocyte  subsets  with  different  rates  of  DNA 
repair,  proliferation  and  differentiation.  BRCA2  RNA  was  also  found  to  increase  in 
thymocytes  with  induced  DNA  breaks  and  in  stimulated,  proliferating  cells.  Further 
studies  in  the  human  thymus  are  needed  to  differentiate  the  role  of  BRCA2  in  thymic 
processes. 

Body 

The  specific  aims  of  this  work  are  as  follows: 

1)  Develop  dynamic  in  vitro  assays  to  measure  T-cell  receptor  gene  rearrangement: 

a.  Develop  methods  to  detect  DNA  double  stranded  breaks  as  a  function  of  T-cell 
receptor  gene  rearrangement  by  optimizing  Ligation  Mediated  -Polymerase  Chain 
Reaction  (LM-PCR)  in  primary  human  thymocytes. 

b.  Develop  a  recombination  substrate  assay  to  test  T-cell  receptor  gene 
rearrangement  in  human  cell  lines  in  which  BRCA2  levels  can  be  modulated. 

2)  Determine  the  effects  of  under-  and  over-expression  of  BRCA2  on  T-cell  receptor 
gene  rearrangement  as  a  model  for  general  processes  of  DNA  breakage  and  repair. 
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a.  Modulate  BRCA2  using  a  panel  of  BRCA2  sense  and  antisense  expression 
vectors  and/or  antisense  oligonucleotides. 

b.  Measure  effects  of  BRCA2  under-  and  over-expression  on  T-cell  receptor  gene 
rearrangement  using  LM-PCR  or  recombination  substrate  assays  developed  in  objective 
one. 


Results 

Objective  la.  Develop  methods  to  detect  DNA  double  stranded  breaks  as  a  function 
of  T-cell  receptor  gene  rearrangement  by  optimizing  Ligation  Mediated  -  PCR  (LM- 
PCR)  in  primary  human  thymocytes. 

The  LM-PCR  assay  described  previously  was  used  to  detect  rearrangements 
occurring  5'  or  3'  to  the  Dp  2.1  human  locus.  The  Dp  probe  detects  a  503  bp  band 
corresponding  to  a  D-J  gene  segment  rearrangement  and  a  422  bp  band  corresponding  to 
a  V-DJ  gene  segment  rearrangement.  The  rearrangement  signals  at  bp  503  and  422, 
indicative  of  TCR  p  chain  rearrangement,  are  consistently  present  in  pediatric 
thymocytes.  Since  the  last  report,  we  have  analyzed  14  pediatric  thymus  samples  and 
have  found  signals  corresponding  to  D-J  and  V-DJ  TCR  p  chain  gene  rearrangement  in 
all  pediatric  samples.  We  also  analyzed  8  adult  thymus  tissues  and  found  D-J  TCR  gene 
rearrangement  in  8  of  the  8  adult  thymus  tissues  and  V-DJ  signals  in  5  of  the  8  adult 
thymus  tissues. 

LM-PCR  has  thus  far  not  been  used  in  studies  regarding  BRCA2  and  TCR  gene 
rearrangement  as  we  have  encountered  difficulties  transfecting  primary  thymocytes 
(maximum  efficiency  <3%).  However,  the  use  of  LM-PCR  to  analyze  human  thymocytes 
has  been  extremely  beneficial  for  studies  regarding  changes  in  the  human  thymic 
perivascular  space  during  aging.  These  studies  have  been  included  in  a  publication 
entitled  “Changes  in  the  Human  Thymic  Perivascular  Space  during  Aging”.  (See  Flores 
et.  al,  1999).  This  study  may  be  critical  to  understanding  the  factors  which  lead  to  thymic 
aging  and  help  advance  therapies  for  the  immune  reconstitution  of  breast  cancer  patients 
undergoing  high  dose  chemotherapy  followed  by  bone  marrow  transplantation. 
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lb.  Develop  a  recombination  substrate  assay  to  test  T-cell  receptor  gene 
rearrangement  in  human  cell  lines  in  which  BRCA2  levels  can  be  modulated. 

Recombination  Assays  Using  A  Novel  Recombination  Substrate 

Since  that  last  report,  great  effort  has  been  devoted  to  testing  the  recombination 
substrate  developed  by  Dr.  Rachel  Gerstein,  a  collaborator  at  the  University  of 
Massachusetts.  To  review,  this  recombination  substrate  is  based  on  inversional 
recombination  that  allows  a  full  length  GFP  protein  sequence  to  be  inverted  within  a 
locus  and  placed  near  a  promoter  sequence.  It  is  only  after  inversion  takes  place  that  the 
start  site  of  GFP  is  close  enough  to  the  promoter  to  allow  proper  transcription  and 
translation  of  the  GFP  protein.  Dr.  Gerstein's  construct  is  contained  in  a  pseudo-typed 
vesicular  stomatitis  virus  that  infects  cells  at  a  high  efficiency.  It  contains  an  antibiotic 
resistance  gene  for  selection  of  infected  cells  using  blasticidin  S.  We  have  tested  this 
construct,  named  GpG-5-2,  in  a  DR3  mouse  B  -cell  line  and  in  REH  and  CEM  human 
lymphoma  cell  lines. 

We  found  that  GpG-5-2  infects  DR3  cells  at  a  high  efficiency  (40  -85%).  A 
control  construct  similar  to  GpG-5-2  contains  functional  GFP  that  is  expressed  after 
infection  of  the  cells  and  allows  quantification  of  infection  efficiencies  by  flow 
cytometry.  In  some  instances,  cells  infected  with  GpG-5-2  were  then  selected  with 
blasticidin  S  to  generate  a  pure  population  of  cells  containing  GpG-5-2. 

DR3  cells  contain  rag-1  and  rag-2  (recombination  activating  genes  necessary  for 
TCR  gene  rearrangement)  under  the  control  of  a  heat  shock  inducible  promoter.  These 
cells  also  express  rag-1  and  rag-2  proteins  constitutively  at  very  low  levels.  Even  with 
only  baseline  rag  expression,  almost  83%  of  DR3  cells  infected  with  GpG-5-2  were  found 
to  express  GFP  by  flow  cytometry  72  hours  after  initial  infection.  REH  and  CEM  human 
cell  lines  also  express  rag-1  and  rag-2.  Although  these  cells  can  be  infected  with  virus  at 
a  high  efficiency  (94%  after  selection),  they  have  a  recombination  efficiency  of  2-5%. 
GpG-5-2  recombination  was  confirmed  in  these  cells  by  nested  PCR  using  construct 
specific  primers  and  a  reverse  primer  specific  to  a  rearrangement  junction  (Data  not 
shown). 

Capan-1  cells  carrying  a  truncated  form  of  BRCA2  and  other  cells  that  do  not 
normally  express  rag-1  and  rag-2,  were  also  infected  with  GpG-5-2  and  transfected  with 
rag  constructs  as  described  above.  The  lack  of  recombination  in  Capan-1  cells  and  other 
cell  lines  compared  to  the  rag  expressing  cell  lines  is  most  likely  due  to  the  limited 
transfection  efficiency  of  these  cells.  The  transfection  efficiencies  of  all  cell  lines  tested 
were  also  found  decrease  when  the  cells  were  first  infected  with  virus.  We  have  recently 
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begun  to  test  mouse  embryonic  fibroblasts  from  transgenic  mice  lacking  exon  27  of 
BRCA2  in  collaboration  with  Drs.  Kimberly  McAllister  and  Roger  Wiseman  at  the 
National  Institute  of  Environmental  Health  Sciences.  Since  BRC  A2  is  modulated  in  these 
cells,  we  decided  to  use  them  for  recombination  studies  allowing  us  to  avoid  the  immense 
problems  of  modulating  BRCA2  in  human  cells  by  transfection.  However,  as  in  the 
human  cells,  recombination  is  not  evident  in  infected  cells  after  rag-1  and  rag-2 
transfection.  We  suspect  that  rag  expression  is  limiting  and  we  are  currently  testing  rag 
expression  using  RAG-specific  antibodies.  Developing  a  recombination  substrate  assay 
has  been  problematic  and  thus  we  have  not  been  able  to  address  aim  2B.  Measure  effects 
of  BRCA2  under-  and  over-expression  on  T-cell  receptor  gene  rearrangement  using 
LM-PCR  or  recombination  substrate  assays  developed  in  objective  1.  However,  we 
have  been  able  to  investigate  changes  in  BRCA2  by  inducing  breaks  in  cells  using  the 
drug  etoposide,  a  topoisomerase  II  inhibitor.  We  will  continue  to  optimize  a 
recombination  substrate  assay  and  we  plan  to  submit  a  manuscript  of  our  analysis  of 
BRCA2  in  the  thymus  in  the  near  future  with  data  described  in  the  latter  half  of  this 
report. 

Objective  2 

a.  Modulate  BRC A2  using  a  panel  of  BRCA2  sense  and  antisense  expression 
vectors  and/or  antisense  oligonucleotides. 

In  the  previous  report,  I  detailed  methods  and  constructs,  such  as  full  length 
BRCA2  expression  constructs  and  several  BRCA2  antisense  expression  vectors  and 
oligonucleotides  that  were  to  be  used  to  modulate  BRCA2  expression  in  various  cell 
lines.  Although  a  full  length  BRCA2  antisense  construct  was  found  to  moderately 
decrease  expression  in  a  mouse  cell  line  transfected  with  a  full  length  human  BRCA2 
construct,  BRCA2  expression  could  not  be  significantly  modified  with  our  full  length 
antisense  construct  or  our  BRCA2  antisense  oligonucleotdites.  A  major  problem  with  the 
analysis  of  BRCA2  protein  is  the  lack  of  reliable  antibodies  for  BRCA2.  BRCA2 
antibodies  are  now  commercially  available  but  are  still  not  well  characterized.  As 
discussed  above,  we  have  acquired  genetically  engineered  BRCA2  mutant  mice  lacking 
BRCA2  exon  27.  In  order  to  examine  BRCA2  expression  more  closely,  we  optimized 
BRCA2  analysis  by  quantitative  Light  Cycler  PCR  (Roche  Biochemicals).  This  analysis 
has  been  extremely  useful  in  analyzing  BRCA2  levels  in  thymocyte  subsets.  In  addition, 
this  analysis  has  yielded  data  suggesting  that  BRCA2  is  differentially  expressed  in 
thymocyte  subsets  during  developmental  stages. 
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BRCA2  Expression 

As  mentioned  in  previous  reports,  high  levels  of  BRCA2  RNA  were  found  to  be 
associated  with  whole  thymus  compared  to  thymic  stroma  consisting  of  epithelial  cells, 
fibroblasts  and  macrophages  (Data  not  shown).  In  order  to  determine  which  cells  of  the 
thymus  specifically  express  BRCA2,  thymocytes  were  isolated  away  from  thymic  stroma 
containing  epithelial  cells,  fibroblasts,  and  macrophages  then  analyzed  by  Northern  blot. 
BRCA2  levels  were  measured  using  32p-labeled  cDNAs  corresponding  to  bp  814  to  1329 
of  BRCA2  exon  10  and  bp  1708  to  2207  of  BRCA2  exons  10  and  11.  Higher  levels  of 
BRCA2  are  detectable  in  thymocytes  compared  to  thymic  stroma  (Figure  1)  with  equal 
GAPDH  signals  (Data  not  shown).  The  BRCA2  signal  seen  in  fibroblasts  and  epithelial 
cells  cultured  out  of  thymic  stroma  from  the  same  thymus  tissue  sample  may  be  a  result 
of  cellular  activation  during  the  culturing  process. 

Thymocytes  are  grouped  into  subsets  based  upon  their  progression  during 
development.  Early  immature  triple  negative  (CD3‘,  CD4‘,  CD8  )  and  double  positive 
(CD4+  CD8+)  thymocyte  subsets  proliferate,  apoptose  or  undergo  DNA  break  and  repair 
during  T-cell  receptor  gene  rearrangement  unlike  the  more  mature,  less  active  single 
positive  thymocyte  subsets.  To  determine  if  BRCA2  plays  a  role  in  the  cellular  process 
required  early  in  thymocyte  development,  BRCA2  levels  were  measured  in  immature  and 
mature  single  positive  thymocyte  subsets  first  by  RT-PCR  revealing  differential  BRCA2 
expression  (Data  not  shown).  Results  of  initial  RT-PCR  experiments  were  later 
confirmed  using  the  quantitative  RT-PCR  Light  Cycler  system  from  Roche  Molecular 
Biochemicals  (Figure  2).  Relative  BRCA2  levels  were  approximately  2  to  5  fold  higher 
in  (CD4+CD8+)  double  positive  thymocytes  compared  to  more  mature  (CD4+)  or  (CD8+) 
single  positive  thymocytes  in  two  separate  experiments.  BRCA2  RNA  levels  were  similar 
in  immature  (CD3"  CD4CD8)  triple  negative  and  immature  (CD4+  CD8+)  double 
positive  thymocytes  in  two  separate  experiments.  The  Light  Cycler  system  measures  the 
fluorescence  incorporation  of  SYBR  Green  I  dye  into  double  stranded  DNA  in  real  time. 
Numerical  values  were  calculated  using  a  standard  curve  of  known  dilutions  of  DNA  then 
equalized  using  the  corresponding  numerical  values  from  GAPDH  primers. 

To  address  whether  BRCA2  increases  in  response  to  proliferation  alone,  BRCA2 
levels  were  measured  in  ConA  stimulated  lymphocytes.  Peripheral  blood  lymphocytes 
treated  with  10  pg/ml  ConA  for  72hrs  undergo  proliferation  as  seen  by  increases  in  S 
(M3)  and  G2/M  (M4)  phase  populations  by  propidium  iodide  staining  and  flow 
cytometric  analysis  (Figure  3A).  BRCA2  levels  increase  2-3  fold  in  ConA  stimulated 
cells  measured  by  Light  Cycler  PCR  (Figure  3B).  Shown  are  BRCA2  PCR  products  from 
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peripheral  blood  lymphocytes  analyzed  on  a  2%  agarose  gel.  Results  are  from  a  single 
experiment  representative  of  3  experiments  performed. 

To  determine  if  BRCA2  plays  a  role  in  double  strand  DNA  break  repair, 
thymocytes  were  treated  with  10  uM  etoposide,  a  topoisomerase  II  inhibitor  that 
generates  DNA  breaks.  Four  to  five  fold  increases  in  BRCA2  levels  were  evident  at  6  and 
8.5  hrs  after  etoposide  treatment  by  Light  Cycler  quantitative  PCR  analysis.  Cells 
undergoing  apoptosis  also  increased  in  etoposide  treated  cells  and  at  slower  rate  in 
DMSO  treated  control  cells  (Data  not  shown). 

Future  Directions: 

We  are  currently  investigating  the  role  of  BRCA2  in  apoptosis  within  the  thymus 
using  cells  from  mice  with  BRCA2  truncations.  We  are  also  continuing  to  develop 
recombination  assay  to  determine  if  BRCA2  plays  a  role  in  DNA  break  and  repair  as  a 
function  of  T-cell  receptor  gene  rearrangement 

Key  Research  Accomplishments 

•  Optimization  of  Ligation  Mediated  Polymerase  Chain  Reaction  Assay  leading  to  data 
for  publication. 

•  Evaluation  of  BRC A2  expression  in  the  thymus  using  Light  Cycler  quantitative  PCR. 

•  Evaluation  of  BRCA2  levels  during  cellular  proliferation. 

•  Evaluation  of  BRC  A2  levels  during  induction  of  DNA  breaks 

•  Data  suggesting  that  BRCA2  is  involved  in  thymocyte  development. 


Reportable  Outcomes 

Manuscripts:  Investigation  of  the  Human  thymic  Perivascular  Space  During  Aging. 

(J.  Clin.  Invest.  104:1031-1039  1999);  BRCA2  Expression  in  the  Human  Thymus 
(Manuscript  in  preparation). 

Presentations:  Era  of  Hope  2000  Poster  presentation,  Duke  University  Graduate  Student 
Symposium  October  2000. 

Degree:  PhD  expected  December  2000. 
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Employment;  Post  Doctoral  position  at  NIEHS  with  Dr.  Rick  Paules  starting  January 

2001. 

Summarv/Conclusions 

In  support  of  our  aims  regarding  the  function  of  BRCA2  in  TCR  gene 
rearrangement,  we  have  optimized  the  LM-PCR  assay  to  test  T-cell  receptor  gene 
rearrangement.  We  have  used  data  generated  from  LM-PCR  in  a  publication  regarding 
changes  in  the  human  thymic  perivascular  space  during  aging.  We  hope  that  this  paper 
and  other  thymic  research  can  be  used  toward  generating  therapies  for 
immunocompromised  individuals  such  as  cancer  patients  undergoing  high  dose 
chemotherapy  and  bone  marrow  transplantation.  In  addition,  we  have  found  evidence  to 
suggest  that  BRCA2  may  be  involved  in  thymocyte  development.  Initial  studies  showed 
that  BRCA2  is  expressed  at  higher  levels  in  thymocytes  compared  to  thymic  stroma. 
Upon  further  investigation,  we  found  that  BRCA2  RNA  levels  are  higher  in  immature 
triple  negative  (CD3',  CD4',  CD8)  and  double  positive  (CD4+  CD8+)  thymocyte  subsets. 
We  also  found  that  BRCA2  RNA  levels  increase  in  peripheral  blood  lymphocytes 
stimulated  with  ConA  mitogen  and  in  thymocytes  and  peripheral  blood  lymphocytes 
treated  with  etoposide,  a  topoisomerase  inhibitor  that  generates  double  stranded  DNA 
breaks.  Taken  together,  this  data  suggests  that  BRCA2  is  important  during  thymocyte 
development  particularly  in  thymocyte  subsets  harboring  DNA  damage. 
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Figure  2.  BRCA2  RNA  Levels  are  High  in  Immature  Thymocyte  Subsets. 

Thymocyte  subsets  were  analyzed  for  BRCA2  expression  using  the  quantitative  RT-PCR 
Light  Cycler  system  from  Roche  Molecular  Biochemicals  to  confirm  non-quantitative 
RT-PCR  experiments.  The  Light  Cycler  system  measures  the  fluorescence  incorporation 
of  SYBR  Green  I  dye  into  double  stranded  DNA  in  real  time.  Values  were  calculated 
using  a  standard  curve  of  known  concentrations  of  DNA  equalized  from  previous 
reactions  using  GAPDH  primers.  A.  Relative  BRCA2  levels  were  approximately  2  to  5 
fold  higher  in  (CD4+CD8+)  double  positive  thymocytes  compared  to  more  mature  (CD4+) 
or  (CDS'4)  single  positive  thymocytes  in  two  separate  experiments.  B.  BRCA2  RNA 
levels  were  similar  in  immature  (CD3‘  CD4'CD8')  triple  negative  and  immature  (CD4+ 
CD8")  double  positive  thymocytes  in  two  separate  experiments. 
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Figure  3.  BRCA2  Levels  Increase  in  Activated  Lymphocytes.  To  address 
whether  BRCA2  increases  in  response  to  proliferation  alone,  BRCA2  levels  were 
measured  in  ConA  stimulated  lymphocytes.  A.  Peripheral  blood  lymphocytes 
treated  with  10  pg/ml  ConA  for  72hrs  undergo  proliferation  as  seen  by  increases 
in  S  (M3)  and  G2/M  (M4)  phase  populations  by  propidium  iodide  staining  and 
flow  cytometric  analysis.  B.  BRCA2  levels  increase  2-3  fold  in  ConA  stimulated 
cells  measured  by  Light  Cycler  PCR.  Shown  are  BRCA2  PCR  products  from 
peripheral  blood  lymphocytes  analyzed  on  a  2%  agarose  gel.  Results  are  from  a 
single  experiment  representative  of  3  experiments  performed. 
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The  perivascular  space  (PVS)  of  human  thymus  increases  in  volume  during  aging  as  thymopoiesis 
declines.  Understanding  the  composition  of  the  PVS  is  therefore  vital  to  understanding  mechanisms 
of  thymic  atrophy.  We  have  analyzed  87  normal  and  31  myasthenia  gravis  (MG)  thymus  tissues  from 
patients  ranging  in  age  from  newborn  to  78  years,  using  immunohistologic  and  molecular  assays.  We 
confirmed  that  although  thymic  epithelial  space  (TES)  volume  decreases  progressively  with  age, 
thymopoiesis  with  active  T-cell  receptor  gene  rearrangement  continued  normally  within  the  TES  into 
late  life.  Hematopoietic  cells  present  in  the  adult  PVS  include  T  cells,  B  cells,  and  monocytes. 
Eosinophils  are  prominent  in  PVS  of  infants  2  years  of  age  or  younger.  In  the  normal  adult  and  the  MG 
thymus,  the  PVS  includes  mature  single-positive  (CD la-  and  CD4+  or  CD8+)  T  lymphocytes  that  express 
CD45RO,  and  contains  clusters  of  T  cells  expressing  the  TIA-1  cytotoxic  granule  antigen,  suggesting 
a  peripheral  origin.  PBMCs  bind  in  vitro  to  MECA-79+  high  endothelial  venules  present  in  the  PVS, 
suggesting  a  mechanism  for  the  recruitment  of  peripheral  cells  to  thymic  PVS.  Therefore,  in  both  nor¬ 
mal  subjects  and  MG  patients,  thymic  PVS  may  be  a  compartment  of  the  peripheral  immune  system 
that  is  not  directly  involved  in  thymopoiesis. 

J.  Clin.  Invest.  104:1031-1039  (1999). 


Introduction 

The  human  thymic  cortex  contains  densely  packed 
immature  thymocyte  precursors  within  a  thymic  epithe¬ 
lial  framework.  In  children,  it  is  located  directly  beneath 
the  thymic  capsule.  The  thymic  medulla  is  distinguished 
histologically  by  its  less  dense  arrangement  of  thymo¬ 
cytes  and  by  the  presence  of  concentric  whorls  of  keratin 
and  terminally  differentiated  thymic  epithelial  cells 
called  Hassall’s  bodies.  The  thymic  cortex  and  medulla 
together  comprise  the  thymic  epithelial  space  (TES), 
where  thymopoiesis  occurs.  Recent  studies  have  focused 
attention  on  a  third  anatomic  region  of  the  thymus, 
known  as  the  perivascular  space  (PVS)  (1, 2)  for  its  loca¬ 
tion  adjacent  to  the  blood  vessels.  The  PVS  is  located 
within  the  thymic  capsule,  but  is  separated  from  the  TES 
by  a  basement  membrane  and  does  not  contain  devel¬ 
oping  thymocytes  (3,  4,  5).  Early  in  life,  the  thymus  is 
composed  primarily  of  TES  that  supports  thymopoiesis 
and  generation  of  the  peripheral  T-cell  repertoire.  As  the 
thymus  ages,  the  TES  begins  to  atrophy,  and  the  PVS 
increases  in  size  as  it  fills  with  adipose  tissue  and  lym¬ 
phoid  cells  (2).  However,  the  origin  of  cells  within  the 
thymic  PVS  and  the  role  of  the  thymic  PVS  in  the  process 
of  thymic  atrophy  are  unclear.  Hartwig  and  Steinmann 
have  postulated  that  cytotoxic  T  lymphocytes  (CTLs) 
migrating  back  to  the  thymus  target  medullary  thymic 
epithelial  cells  expressing  mutated  self  peptides  that 
accumulate  over  time,  thus  inducing  loss  of  thymic  stro¬ 
ma  and  leading  to  thymic  atrophy  (6).  For  this  hypothe¬ 
sis  to  be  plausible,  mature  CTLs  should  be  identifiable 


within  the  thymic  medulla  of  normal  thymus  tissue 
undergoing  age-related  atrophy. 

In  this  paper,  we  study  the  PVS  in  aging  normal  and 
myasthenia  gravis  (MG)  human  thymuses.  We  describe 
age-related  changes  in  PVS  cellular  composition  and 
demonstrate  the  mature  phenotype  of  the  T  cells  present 
in  the  PVS,  including  a  population  of  cytotoxic  gran¬ 
ule-containing  cells  with  the  phenotype  of  mature  CTLs. 

Methods 

Cells  and  tissues.  Human  thymus  tissues  were  obtained  as 
tissue  discarded  at  the  time  of  necessary  cardiothoracic 
surgery  or  after  thymectomy  for  the  treatment  of  MG, 
according  to  a  protocol  approved  by  the  Duke  Universi¬ 
ty  Institutional  Review  Board  for  the  use  of  discarded  tis¬ 
sues.  Tissues  with  thymoma  were  excluded.  Portions  of 
each  tissue  were  fixed  in  10%  neutral  buffered  formalin 
for  6-24  hours,  then  processed  into  paraffin  blocks 
using  standard  histologic  procedures.  Additional  por¬ 
tions  of  most  tissues  were  snap-frozen  and  stored  at  or 
below  -80  °C  until  use.  Formalin-fixed  and  paraffin- 
embedded  (FFPE)  sections  were  used  whenever  possible 
to  facilitate  good  histologic  sampling  of  all  tissue  com¬ 
partments.  Thymus  tissues  were  also  obtained  from  the 
archives  of  the  Duke  University  Department  of  Patholo¬ 
gy  as  FFPE  sections.  All  tissues  were  used  anonymously, 
with  recording  of  only  patient  age,  gender,  and  surgical 
diagnosis.  Table  1  describes  the  clinical  characteristics  of 
the  patients  from  whom  thymic  tissue  was  obtained. 
PBMCs  for  high  endothelial  venule  (HEV)  binding  assays 
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were  obtained  from  human  blood  by  density  gradient 
centrifugation  with  Lymphocyte  Separation  Medium 
(ICN  Biomedicals  Inc.,  Costa  Mesa,  California,  USA). 

Antibodies.  The  following  monoclonal  and  polyclonal 
antibodies  were  used:  anti-cytokeratin  (cocktail  of 
AE1/AE3  from  Boehringer  Mannheim  Biochemicals 
Inc.,  Indianapolis,  Indiana,  USA  and  CAM5.2  from  Bec- 
ton  Dickinson  Immunocytometry  Systems,  San  Jose, 
California,  USA);  CDla  (O10;  kind  gift  of  L.  Boumsell), 
INSERM,  Creteil,  France)  (7);  CD3  (rabbit  polyclonal 
A0452;  DAKO  Corp.,  Carpinteria,  California,  USA)  (8); 
CD4  (1F6;  Novocastra  Laboratories  Ltd.,  Newcastle 
upon  Tyne,  United  Kingdom);  CDS  (C8/144B;  DAKO 
Corp.);  CD20  (L26;  DAKO  Corp.);  CD38  (T16;  Beckman 
Coulter  Inc.,  Miami,  Florida,  USA);  AT13/5  (Harlan  Bio¬ 
products  for  Science  Inc.,  Indianapolis,  Indiana,  USA); 
CD45RA  (HI115;  obtained  through  the  6th  Interna¬ 
tional  Workshop  on  Leukocyte  Differentiation  Anti¬ 
gens);  CD45RO  (UCHL-1;  American  Type  Culture  Col¬ 
lection,  Rockville,  Maryland,  USA);  CD68  (KP-1;  DAKO 
Corp.);  Ki-67  nuclear  proliferation  antigen  (mib-1;  Beck¬ 
man  Coulter)  (9);  anti-cytotoxic  granule  protein  (TIA-1; 
Beckman  Coulter  Inc.)  (10);  anti-PVS  (TE-7)  (11);  and 
anti-HEV  (MECA-79  and  MECA-367;  kind  gifts  of  E. 
Butcher,  Stanford  University,  Stanford,  California,  USA) 
(12,  13).  Isotype-matched  control  antibodies  were 
obtained  from  Sigma  Chemical  Co.  (St.  Louis,  Missouri, 
USA)  and  Southern  Biotechnology  Associates  (Birming¬ 
ham,  Alabama,  USA),  or  were  generated  locally.  CD4- 
FITC  and  CD8-PC5  directly  conjugated  fluorescent  anti¬ 
bodies  were  obtained  from  PharMingen  (San  Diego, 
California,  USA).  CD3-FITC  and  CD38-PE  mAb’s  were 
obtained  from  Beckman  Coulter  Inc. 

Immunohistologic  studies.  Immunohistochemical  stain¬ 
ing  was  performed  on  4-pm  FFPE  sections  using  stan¬ 
dard  protocols,  including  blocking  of  endogenous  per¬ 
oxidase  activity  (0.6%  H2C>2  in  absolute  methanol  for  15 
minutes),  microwave  citrate  antigen  retrieval  (BioGenex 
Laboratories,  San  Ramon,  California,  USA),  and  block¬ 
ing  with  diluted  goat  or  horse  serum  and  avidin-biotin 
(Vector  Laboratories,  Burlingame,  California,  USA).  The 
slides  were  then  sequentially  incubated  at  37  °C  with 
primary  antibody,  biotinylated  secondary  antibody,  and 
avidin-biotin  horseradish  peroxidase  complexes  (VEC- 
TASTAIN  ABC;  Vector  Laboratories),  with  intervening 
PBS  washes.  Bound  antibody  was  detected  with  3,3'- 
diaminobenzidine  and  H2O2.  Double  immunostains 
also  used  alkaline  phosphatase  (VECTASTAIN  ABC-AP) 
and  Vector  Red  phosphatase  substrate  (Vector  Labora¬ 
tories).  Frozen  sections  were  stained  as  described  after 
acetone  fixation,  with  omission  of  deparaffinization, 
antigen  retrieval,  and  blocking  steps.  For  multicolor 
immunofluorescence  staining,  frozen  sections  were  first 
reacted  with  cytokeratin  mAb’s  in  immunoperoxidase 
assays  to  locate  the  TES.  They  were  then  incubated  fur¬ 
ther  with  fluorophore-conjugated  antibodies  for  30  min¬ 
utes  at  room  temperature,  washed,  and  then  examined 
using  an  Olympus  AX70  microscope  equipped  for  mul¬ 
ticolor  fluorescence  and  computerized  image  analysis. 

The  percentage  of  thymus  area  consisting  of  PVS  was 
determined  by  microscopic  examination  of  hematoxylin 
and  eosin-stained  (H&E-stained)  and  cytokeratin- 


immunostained  sections,  using  a  Zeiss  video  microscope 
with  grid  overlay.  Nonlymphoid  components  of  the  PVS 
can  also  be  stained  directly  with  mAb  TE7  (11);  however, 
this  mAb  works  only  on  frozen  sections  (data  not 
shown).  PVS  percentages  were  obtained  for  at  least  6  rep¬ 
resentative  10X  (1.9  mm2)  fields,  and  then  averaged  to 
obtain  the  mean.  The  correlation  between  percent  PVS 
obtained  using  cytokeratin-immunostained  sections 
compared  with  H&E-stained  sections  was  0.97. 

For  quantitation  of  cell  types  present  in  TES  and  PVS 
regions,  immunostained  sections  were  classified  according 
to  the  following  criteria,  using  a  Zeiss  video  microscope 
with  grid  overlay:  0  =  rare  to  absent  positive  cells;  1+  =  less 
than  5%  positive  cells;  2+  =  5-30%  positive  cells;  3+  =  31-80% 
positive  cells;  and  4+  =  more  than  80%  positive  cells. 

Flow  cytometric  studies.  Lymphocytes  obtained  from 
pediatric  and  adult  thymus  were  reacted  with  combina¬ 
tions  of  directly  conjugated  fluorescent  antibodies  for 
30  minutes  at  4°C,  washed  with  PBS  plus  1%  BSA,  fixed 
with  0.4%  paraformaldehyde,  and  analyzed  on  a  FACStar 
Plus  flow  cytometer  (Becton  Dickinson  Immunocytom¬ 
etry  Systems)  at  the  Duke  University  Center  for  AIDS 
Research  Flow  Cytometry  Facility. 

Ligation-mediated  PCR  assay.  Genomic  DNA  was  isolated 
from  thymocytes  as  described  previously,  taking  care  not 
to  induce  random  DNA  cleavage  during  the  isolation  pro¬ 
cedure  (14, 15).  DNA  was  resuspended  in  10  mM  Tris  and 
ImM  EDTA,  and  then  stored  at  4°C  until  assayed. 

Ligation-mediated  PCR  (LM-PCR)  to  detect  double- 
stranded  DNA  (dsDNA)  breaks  was  modified  from  pre¬ 
viously  described  protocols  (14)  and  optimized  for  use 
with  human  DNA.  Breaks  occurring  5'  or  3'  to  the  T- 
cell  receptor  (3  chain  (TCRB)  DP2.1  locus  were  analyzed 
to  achieve  a  maximal  50%  detection  of  V-DJ  and  D-J 
breaks  occurring  at  this  locus,  which  is  1  of  2  human 
DP  loci.  A  double-stranded  asymmetrical  linker  was 
generated  as  described  (14).  Genomic  DNA  (1-2  pg) 
was  ligated  to  20  pmol  of  asymmetrical  linker  for  12-16 
hours  at  16°C.  The  reaction  was  stopped  by  the  addi¬ 
tion  of  1  volume  of  10  mM  Tris,  50  mM  KC1,  and  0.1% 
Triton-X  100,  and  then  heating  at  95°C  for  15  minutes. 
Linker-ligated  DNA  was  stored  at  -20  “C. 

Serial  8-fold  dilutions  of  linker-ligated  human  thymus 
DNA  were  made  into  mock  linker-ligated  mouse  DNA  to 
keep  the  total  amount  of  DNA  constant  for  each  sample. 
Breaks  in  dsDNA  were  then  detected  by  nested  PCR  using 
a  linker-specific  primer  and  primers  that  flank  the  Dp2. 1 
locus:  linker  2  primer:  5'-CCGGGAGATCTGAATTCCAC-3'; 
outer  forward  primer:  5'-GGAGTTCAGACATCGTTCAG-3'; 
outer  reverse  primer:  5'-CCACCAATTTGCAGAGGAGA- 
3';  inner  forward  primer:  5'-CTGGATTGTTTGTCCTCCTG- 
3';  and  inner  reverse  primer:  5'-GGGACAACACAGTG- 
GATTTG-3'.  Nested  PCR  (60  seconds  at  94°  C,  30  seconds 
at  94°C,  30  seconds  at  62°C,  45  seconds  at  72°C,  and  a 
final  8-minute  extension  step  at  72  °C)  was  performed  in 
37-pL  reactions  in  hot-start  PCR  tubes  or  by  heated-lid 
PCR.  First-round  PCR  reactions  contained  20  pM  each  of 
linker  2  primer  and  forward  outer  or  reverse  outer  primer, 
along  with  219  ng  of  starting  DNA.  First-round  PCR 
reactions  were  carried  out  for  15  cycles.  Two  microliters 
of  each  reaction  preparation  was  carried  into  second- 
round  PCR  containing  20  pM  each  of  linker  2  and  for- 
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ward  inner  or  reverse  inner  primer  for  30  cycles.  Tem¬ 
plate-control  PCR  reactions  using  forward  outer  and 
reverse  outer  primers  only  were  carried  out  for  35  cycles. 
PCR  products  were  analyzed  on  a  2%  agarose  gel,  blotted 
according  to  standard  procedures,  and  then  detected 
with  a  32P-labeled  cDNA  probe  corresponding  to  bp 
277-943  of  the  TCRB  locus  (16). 

Lymphocyte  binding  assay.  The  adherence  of  human 
PBMCs  to  HEVs  in  the  thymic  PVS  was  performed  as 
described  (17,  18).  Frozen  thymus  or  control  tissue  sec¬ 
tions  (12  |Xm)  were  overlaid  with  200  pL  of  PBMCs  (15  x 
106  cells/mL)  and  incubated  at  4°C  with  rotation  (64 
rpm)  for  30  minutes.  The  cell  suspension  was  gently 
decanted,  and  the  slides  were  fixed  in  2.4%  glutaraldehyde 
in  PBS  overnight  at  4°C.  Slides  were  then  washed  twice 
with  PBS,  counterstained  with  hematoxylin,  and  mount¬ 
ed  with  glycerol  gelatin  (Sigma  Chemical  Co.).  The  num¬ 
ber  of  PBMCs  adherent  to  each  HEV  was  determined  by 
direct  microscopic  visualization  of  coded  slides  by  a 
blinded  observer.  The  total  number  and  location  of  HEVs 
in  each  section  was  confirmed  by  MECA-79  immunos- 
taining  of  an  adjacent  tissue  section. 

RNase  protection  assays.  Total  RNA  was  isolated  from 
approximately  100  mg  of  tissue  by  homogenization  with 
a  tissue  disrupter  (OMNI  International  Inc.,  Marietta, 
Georgia,  USA)  fitted  with  disposable  7-mm  tips,  in  1  mL 
of  Trizol  (GIBCO  BRL,  Gaithersburg,  Maryland,  USA) 
followed  by  extraction  per  the  manufacturer’s  protocol. 
Total  RNA  concentration  was  determined  by  measuring 
absorbance  at  260  nm.  Steady-state  levels  of  specific 
cytokine  mRNAs  in  tissues  were  determined  using  the 
RiboQuant  Mulci-Probe  RNase  Protection  Assay  System 
(PharMingen).  Ten  micrograms  of  RNA  of  each  tissue 
sample  was  hybridized  overnight  with  32P-labeled  ribo- 
probe  sets,  and  then  processed  as  described  in  the  man¬ 
ufacturer’s  instructions.  Protected  RNA  transcripts  were 
separated  on  a  5%  denaturing  polyacrylamide  gel. 
Cytokine  mRNA  bands  were  quantified  by  Phospho- 
rlmager  analysis  (Molecular  Dynamics,  Sunnyvale,  Cal¬ 
ifornia,  USA)  and  reported  as  percent  of  GAPDH  signal. 

Results 

Thymic  PVS  volume  increases  with  age  in  normal  subjects  and 
in  MG  patients.  Although  grossly  detectable  thymic  atro¬ 
phy  may  not  occur  until  puberty,  analysis  of  thymic 
PVS  in  normal  thymus  tissues  rang¬ 
ing  in  age  from  0  to  78  years  (Table  1) 
clearly  demonstrates  that  a  statisti¬ 
cally  significant  increase  in  the  PVS 
has  occurred  by  2-10  years  of  age 
(age  quintile  2;  P  <  0.01  vs.  age  quin¬ 
tile  1  [0-1  year])  (Figure  la).  The  per¬ 
cent  PVS  increases  progressively  with 
age  in  normal  individuals  (Figure  la), 
in  agreement  with  previous  studies 
by  Steinmann  (2).  The  increase  in 
PVS  volume  is  accompanied  by  accu¬ 
mulation  of  lymphocytes  within  the 
PVS  (Figure  1,  c-h),  particularly  in 
quintiles  2-4. 

The  contribution  of  the  TES  and  the 
PVS  to  the  overall  composition  of  MG 


thymus  during  aging  was  determined  and  compared 
with  normal  thymus.  The  percent  PVS  is  increased  in 
MG  thymuses  compared  with  age-matched  normal  thy¬ 
muses  (quintile  2,  P  <  0.07;  quintile  3,  P  <  0.08;  quintile 
4,  P<  0.0006;  quintile  5,  P<  0.018)  (Figure  lb).  A  portion 
of  this  increase  is  due  to  follicular  hyperplasia  present  in 
a  subset  of  MG  thymus  tissue  (Table  1).  Cytokeratin 
staining  (Figure  lh)  clearly  demonstrates  that  the  pri¬ 
mary  and  secondary  follicles  present  in  MG  thymus  with 
follicular  hyperplasia  occur  in  the  PVS,  not  in  the  TES, 
similar  to  what  is  observed  in  normal  aging  thymus  (5). 
Therefore,  the  thymic  follicular  hyperplasia  seen  in  the 
PVS  of  MG  thymus  is  an  exaggerated  state  of  the  perivas¬ 
cular  infiltration  with  lymphocytes  that  normally  occurs 
in  aging  thymus. 

The  adipocyte  and  lymphocyte  content  of  the  PVS  sim¬ 
ilarly  changes  with  age.  Adipocytes  are  rare  in  quintile  1, 
and  increase  progressively  in  quintiles  2-5,  as  shown  in 
Figure  1.  The  lymphocyte  content  of  the  PVS  increases 
rapidly  in  quintiles  2  and  3;  a  significant  fraction  of  PVS 
area  in  these  age  ranges  contains  lymphocytes  (Figure  1,  d 
and  e),  as  reported  previously  by  Steinmann  (2).  The  lym¬ 
phocyte  content  of  the  PVS  begins  to  decrease  in  quintile 
4,  with  a  corresponding  increase  in  the  fraction  of  PVS 
composed  of  adipose  tissue  in  quintiles  4  and  5,  relative  to 
earlier  quintiles  (Figure  1,  f  and  g).  The  PVS  of  most  tissue 
samples  in  quintile  5  contains  predominately  adipocytes, 
with  few  lymphocytes  (Figure  lg). 

Immunohistologic  identification  of  cells  undergoing  thymopoiesis 
in  the  TES.  The  TES  in  both  normal  and  MG  thymus 
decreases  with  age  as  PVS  increases  (Figure  1,  a  and  b).  To 
study  age-related  changes  in  thymopoiesis,  we  have  deter¬ 
mined  the  phenotype  of  lymphocytes  present  in  the  TES  of 
normal  and  MG  thymus  tissues.  CDla  is  expressed  on 
immature  CD4+,  CD8+  (double-positive)  cortical  thymo¬ 
cytes  that  have  successfully  completed  rearrangement  of  the 
TCR  (3-chain  gene  locus  (19),  but  it  is  not  expressed  on 
medullary  thymocytes  or  mature  T  cells  (20).  We  found  that 
CDla  immunoreactivity  in  infant  thymus  (age  0-1  year) 
was  limited  to  thymocytes  within  the  thymic  cortex  (data 
not  shown).  Some  dendritic  cells  located  in  the  thymic 
medulla  also  reacted  with  CDla  mAh;  however,  these  cells 
were  clearly  distinguished  from  immature  thymocytes  by 
their  location,  larger  size,  and  multiple  dendritic  processes. 
Rare  CDla+  cells  with  dendritic  cell  morphology  were  also 


Table  1 

Characteristics  of  studied  thymus  tissuesA 


Diagnosis 

i 

2 

Age  quintileA 

3 

4 

5 

Cardiothoracic  surgery 

18(10/7/1)B 

17(10/7) 

5 (2/3) 

8  (3/5) 

7(5/2) 

Mediastinal  mass 

0 

1  (0/1) 

0 

2(1/1) 

0 

Thyroid/Parathyroid 

0 

1  (0/1) 

5  (2/3) 

8(2/6) 

12  (0/12) 

Trauma 

0 

0 

0 

3  (3/0) 

0 

Normal  tissues 

18(10/7/1) 

19(10/9) 

10  (4/6) 

21  (9/12) 

19  (5/14) 

Total  normal  tissues  87  (38/48/1 ) 
MG 

0 

2  (0/2) 

8 (2/6) 

13(5/8) 

8(6/2) 

Percent  with  follicular  hyperplasia 
Total  MG  tissues  31  (13/18) 

50% 

63% 

31% 

32% 

AData  are  expressed  as  total  number  of  tissues  (males/females)  in  each  diagnosis  category.  Age  quintiles  are 
defined  as  follows:  1  =  0-1  year;  2  =  2-10  years;  3  =  1 1-25  years;  4  =  26-49  years;  5  =  50  years  or  older.  Bln 
age  quintile  1,  the  gender  of  1  thymus  donor  was  not  recorded. 
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Figure  1 

Thymic  PVS  increases  with  age  in  normal  individuals  and  in  patients  with  MG.  The  percent  thymic  PVS  determined  from  H&E-stained  sections  is 
shown  as  a  function  of  age  quintile,  (a)  Data  for  normal  individuals  are  expressed  as  mean  ±  SD  for  the  indicated  number  of  cases.  Quintile  1 ;  7  ± 
2%,  n  =  18;  quintile  2:  12  ±  7%,  «  =  1 9;  quintile  3:  37  ±  19%,  «  =  10;  quintile  4:  55  ±  18%,  n  =  21;  quintile  5:  82  ±  1 6%,  n  =  1 9.(b)  Data  for  patients 
with  MG  are  expressed  as  mean  ±  SD  for  the  indicated  number  of  cases.  Quintile  2:  23  ±  13%,  n  =  2;  quintile  3:  61  ±  34%,  n  =  8;  quintile  4:  83  ±  14%, 
«  -  13;  quintile  5:  96  ±  2%,  n  =  8.  (c-h)  Cytokeratin  immunoperoxidase  staining  (brown  color)  outlines TES,  with  an  H&E  counterstain.  Letters  denote 
representative  regions  of  thymic  cortex  (C),  medulla  (M),  and  PVS  (P).  (c)  Quintile  1 .  (d)  Quintile  2.  (e)  Quintile  3.  (f)  Quintile  4.  (g)  Quintile  5.  (h) 
Thymus  with  follicular  hyperplasia  from  a  20-year-old  female  with  MG.  Cytokeratin  and  H&E  staining  shows  that  primary  and  secondary  follicles  are 
located  outside  the  cytokeratin  network,  within  the  PVS.  x25  (original  magnification). 


present  in  the  PVS.  The  majority  of  the  CD  la*  cortical  thy¬ 
mocytes  also  reacted  with  mib- 1  mAb  specific  for  the  Ki-67 
nuclear  proliferation  antigen,  with  less  frequent  mib- 1+  cells 
present  in  the  thymic  medulla  and  in  the  PVS  (not  shown). 
CDla+,  mib-1*  cortical  thymocytes  also  reacted  strongly 
with  antibodies  specific  for  CD3,  CD4,  CD8,  CD38,  and 
CD45RO  (not  shown),  as  expected  for  immature  thymo¬ 
cytes  (20,  21).  Only  rare  isolated  lymphocytes  within  the 
TES  were  reactive  with  TIA-1  mAb,  specific  for  granules 
present  in  activated  CTLs.  Cytokeratin  staining  revealed  a 
loose  network  of  thymic  epithelial  (TE)  cells  within  the  cor¬ 
tex  in  association  with  large  numbers  of  CD  la*,  mib- 1*  thy¬ 
mocytes,  with  a  somewhat  denser  pattern  of  TE  cells  in  the 
medulla  (not  shown).  The  majority  ofTE  cells  in  both  cor¬ 
tex  and  medulla  were  surrounded  by  multiple  thymocytes. 
Taken  together,  these  studies  suggest  that  thymus  tissues 
that  are  active  in  the  process  of  thymopoiesis  can  be  identi¬ 
fied  immunohistologically  in  FFPE  tissues  by  the  presence 
of  immature  CD  la*,  mib-1*  thymocytes  in  a  loose  network 
ofTE  cells  that  allows  thymocyte-TE  cell  interactions. 

Of  the  118  normal  and  MG  thymus  tissues  examined, 
116  contained  at  least  some  regions  meeting  our 
immunohistologic  criteria  for  thymopoiesis.  However, 
the  absolute  numbers  of  immature  CDla*,  mib-1*  thy¬ 
mocytes  undergoing  thymopoiesis  decreased  progres¬ 
sively  as  the  percent  TES  decreased  with  age  and  in  MG. 
Thymocytes  derived  from  a  78-year-old  male  thymus 
shown  by  immunohistochemistry  to  contain  CDla*, 
mib-1*  thymocytes  displayed  an  immature  phenotype. 


These  thymocytes  were  CD4*  and  CD8*,  expressed 
CD45RO  and  CD38,  and  were  negative  for  CD95, 
CD62L,  and  CD45RA  (Figure  2).  This  thymus  was  high¬ 
ly  atrophic  with  few  PVS  lymphocytes  present.  Although 
the  absolute  numbers  of  immature  thymocytes  were 
greatly  decreased,  the  relative  proportions  were  similar 
to  those  in  pediatric  thymus. 

LM-PCR  detects  ongoing  TCRgene  rearrangement  in  pedi¬ 
atric  and  adult  human  thymocytes.  To  provide  molecular 
confirmation  of  thymopoiesis,  we  used  an  LM-PCR  assay 
(22, 14)  to  identify  dsDNA  breaks  indicative  of  D-J  or  V- 
DJ  TCR  gene  rearrangement  in  thymocytes  derived  from 
pediatric  and  adult  thymus  tissues.  This  assay  detects 
dsDNA  breaks  that  are  transiently  generated  at  recom¬ 
bination  signal  sequences  by  the  V-D-J  recombinase 
complex  during  the  process  ofTCR  gene  rearrangement 
(Figure  3a).  The  presence  of  LM-PCR  signals  in  a  given 
tissue  is  thus  indicative  of  ongoing  thymopoiesis. 

LM-PCR  analysis  detected  DNA  breaks  associated  with 
both  D-J  and  V-DJ  rearrangement  of  the  TCRB  gene  in  14 
of  14  pediatric  thymocyte  samples  tested  (2  representative 
samples  are  shown  in  Figure  3b,  lanes  1, 3, 9,  and  1 1).  This 
assay  is  specific  for  ongoing  human  TCRB  gene  rearrange¬ 
ment:  no  LM-PCR  signals  are  detected  in  DNA  from 
human  spleen  or  tonsil,  mouse  thymocytes  (data  not 
shown),  bacteria  (Figure  3b,  lanes  5, 6, 13,  and  14),  or  mock 
linker-ligated  thymocytes  (Figure  3b,  lanes  2, 4, 10,  and  12). 

LM-PCR  was  used  to  determine  whether  the  pheno- 
typically  immature  thymocytes  present  in  older  adult 
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thymuses  were  undergoing  thymopoiesis.  LM-PCR 
analysis  detected  dsDNA  breaks  corresponding  to  both 
D-J  and  V-DJ  TCR  gene  rearrangement  in  most  thymo¬ 
cyte  DNA  samples  derived  from  normal  adult  and  MG 
thymus  tissues  that  showed  immunohistologic  evidence 
of  thymopoiesis  (Figure  3c).  LM-PCR  signals  correspon¬ 
ding  to  D-J  TCR  gene  rearrangement  were  detected  in  8 
of  8  adult  thymus  tissues  tested,  with  V-DJ  signals 
detected  in  5  of  8  samples. 

Eosinophils  are  prominent  in  the  PVS  of  pediatric  thy?nus.  The 
PVS  of  infant  thymus  (quintile  1;  0-1  year)  contains  few 
lymphocytes.  The  majority  of  the  cells  present  in  the  PVS 
of  infants  are  spindle-shaped,  consistent  with  fibroblasts 
or  preadipocytes.  However,  large  clusters  of  eosinophils 
are  also  frequently  found  in  the  PVS  of  infant  thymus 
(Figure  4a).  Many  of  these  eosinophils  have  the  bilobed 
nucleus  characteristic  of  mature  eosinophils;  also  present 
are  cells  containing  similar  eosinophilic  granules  and  large 
single-lobed  or  indented  nuclei  with  chromatin  patterns 
that  are  consistent  with  the  eosinophilic  myelocyte  and 
eosinophilic  metamyelocyte  stages  of  eosinophil  differen¬ 
tiation.  Clusters  of  eosinophils  are  smaller  and  less  abun¬ 
dant  in  older  children  (quintile  2;  2-10  years).  Eosinophils 
are  rare  to  nondetectable  in  older  thymus  tissues  from  age 
quintiles  3-5  (11  years  or  older). 

The  eosinophils  present  within  the  PVS  of  pediatric  thy¬ 
mus  could  have  differentiated  there  in  situ  or  could  have 
developed  inside  the  TES  or  outside  the  thymus,  and  then 
migrated  into  the  PVS.  To  investigate  the  ability  of  the  thy¬ 
mus  to  support  the  differentiation  of  eosinophils,  we  ana¬ 
lyzed  thymic  IL-5  mRNA  production  as  a  function  of  age. 
In  humans,  IL-5  is  highly  specific  for  stimulating  the  pro¬ 
duction,  activation,  and  survival  of  eosinophils  (23).  In 
mice,  the  expression  of  IL-5  is  sufficient  to  induce  the  full 
pathway  of  eosinophil  differentiation  (24).  Therefore,  we 
analyzed  the  expression  of  IL-5  in  44  normal  human  thy¬ 
mus  tissues  by  RNase  protection  assay.  We  found  that  IL-5 
was  readily  detectable  in  most  normal  thymus  tissues  from 
patients  2  years  of  age  or  younger  (IL-5  =  1.13  ±  0.28  %  of 
GAPDH  signal,  range  0-3.28,  n  =  14).  IL-5  mRNA  was  unde¬ 


tectable  in  thymus  derived  from  patients  3  years  of  age  or 
older  ( n  =  30).  The  level  of  IL-5  mRNA  correlates  with  the 
observed  incidence  of  eosinophilia  within  the  thymic  PVS 
in  patients  3  years  of  age  or  younger.  In  particular,  thymus 
tissues  with  high  IL-5  content  had  moderate  to  large  clus¬ 
ters  of  eosinophils  present  in  the  PVS  (Figure  4a).  Con¬ 
versely,  thymic  tissues  with  undetectable  IL-5  mRNA  levels 
did  not  demonstrate  eosinophilia  of  the  thymic  PVS.  Taken 
together  with  the  observation  that  some  of  the  eosinophils 
present  in  the  PVS  exhibit  nuclear  morphologies  charac¬ 
teristic  of  immature  eosinophils,  these  data  suggest  that  the 
eosinophils  present  in  the  thymic  PVS  of  infants  could  dif¬ 
ferentiate  in  the  PVS  in  response  to  thymic  IL-5  production. 

PVS  lymphocytes  have  a  phenotype  consistent  with  peripheral 
lymphocytes.  As  described  above,  T  lymphocytes  present 
within  the  PVS  are  not  positive  for  both  CDla  and  mib- 
1  and  are  therefore  most  likely  mature  T  lymphocytes. 
Mature  T  lymphocytes  present  in  the  PVS  may  be  newly 
generated  mature  virgin  T  cells  emigrating  from  the  thy¬ 
mus  or  T  cells  recirculating  from  the  periphery.  No  phe¬ 
notypic  markers  currently  exist  to  specifically  detect 
recent  thymic  emigrants  in  humans.  Therefore,  we  deter¬ 
mined  the  immunoreactivity  of  PVS  lymphocytes  with  a 
panel  of  antibodies  directed  at  lymphocyte  differentia¬ 
tion  and  activation  markers,  using  single,  double,  and 
triple  immunohistochemical  and  immunofluorescence 
assays  to  locate  the  PVS  (by  lack  of  cytokeratin  reactivity; 
Figure  5,  a  and  b)  and  to  identify  appropriate  markers  on 
lymphocytes.  Results  are  summarized  in  Table  2. 

When  large  numbers  of  lymphocytes  are  present  in  the 
PVS  of  normal  thymus  (usually  in  age  quintiles  3  and  4), 
the  infiltrate  consists  of  both  T  cells  and  B  cells  (Figure  5, 
c  and  d).  T  cells  in  the  PVS  are  CDla'  and  most  are  also 
mib-l“  (Figure  5,  e  and  f).  Triple  immunostains,  combin¬ 
ing  a  cytokeratin  immunoperoxidase  stain  to  view  the  TES 
with  CD4-FITC  and  CD8-PC5  fluorescent  antibodies, 
demonstrated  that  PVS  T  cells  are  single-positive,  express¬ 
ing  either  CD4  or  CD8,  but  not  both  (not  shown;  see  also 
Figure  5g).  Most  PVS  T  cells  express  the  CD45RO  surface 
antigen  (Figure  5h)  rather  than  the  CD45RA  antigen  typi- 


Figure  2 

Phenotypically  immature  thymocytes  are  present  in 
adult  thymus  tissues  meeting  immunohistologic  cri¬ 
teria  for  thymopoiesis.  Lymphocytes  from  a  78-year- 
old  male  thymus  were  analyzed  by  flow  cytometry 
using  combinations  of  fluorescently  labeled  mAb’s. 
The  majority  of  lymphocytes  present  were  CD3+  (a), 
with  82%  CD4+,  CD8+  double-positive  (b).  3%  of 
cells  were  reactive  with  CD1 9  and  CD20  mAb’s  (c), 
and  were  consequently  identified  as  B  lymphocytes. 
Of  the  CD4hi  cells,  more  than  90%  were  CD45RO+ 
(d),  97%  were  CD38+(e),  and  97%  were  CD45RA- 
(f),  consistent  with  an  immature  phenotype.  Similar 
results  were  seen  with  gating  on  CD8+  lymphocytes. 
Very  few  mature  T  cells  were  present  in  this  sample, 
consistent  with  the  observed  lack  of  lymphocytes 
infiltrating  the  PVS  on  immunohistochemical  sec¬ 
tions.  Although  the  majority  of  cells  present  in  this 
thymus  were  immature  thymocytes,  the  absolute 
numbers  of  thymocytes  obtained  for  analysis  were 
less  than  1%  of  those  obtained  per  gram  of  tissue 
from  pediatric  thymus. 
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cally  expressed  on  peripheral  virgin  T  cells  (not  shown). 
Although  large  numbers  of  CD45RA+  lymphocytes  are 
present  both  in  the  thymic  medulla  and  in  the  PVS,  the 
majority  of  these  cells  are  B  cells  (Figure  4b).  The  cell  types 
present  in  the  PVS  of  50  normal  adult  and  31  age-matched 
MG  thymus  tissues  are  similar,  with  further  expansion  of 
the  PVS  in  MG  thymus  with  follicular  hyperplasia  by  infil¬ 
trates  of  primarily  B  lymphocytes,  often  with  prominent 
germinal  centers.  (Figure  lh). 

We  observed  that  a  subset  of  the  CD8+  T  cells  present 
in  the  PVS  also  express  the  TIA-1  antigen  characteristic 
of  activated  CTLs  (Figure  4c),  indicating  that  these  cells 
are  not  recent  thymic  emigrants,  but  are  mature  CTLs 
from  the  periphery  (25).  We  also  found  differences  in 
CD38  expression  between  T  cells  in  the  TES  and  the 
PVS.  Although  cortical  and  medullary  thymocytes 
express  relatively  high  reactivity  with  CD38  mAb  (21) 
(Figure  2e),  most  T  cells  present  in  the  PVS  do  not  have 
high  reactivity  with  CD38.  However,  germinal  center  B 

a 


cells  are  moderately  to  strongly  reactive  with  CD38 
mAb’s  (Table  2).  Using  cytokeratin  immunoperoxidase 
staining  to  locate  the  TES,  combined  with  CD3-FITC 
and  CD38-PE  mAb’s,  we  confirmed  that  virtually  all 
CD3+  T  cells  within  the  TES  are  also  strongly  positive 
for  CD38  mAb  (data  not  shown).  Conversely,  the  major¬ 
ity  of  CD3*  cells  in  the  PVS  are  not  strongly  reactive 
with  CD38  mAb.  Less  than  5%  of  PVS  CD3+  cells  react¬ 
ed  strongly  with  CD38  mAb,  and  these  cells  were  fre¬ 
quently  located  within  or  adjacent  to  B-cell  follicles  with 
germinal  centers,  consistent  with  an  activated  T-cell 
phenotype.  The  relative  lack  of  CD38  immunostaining 
of  most  PVS  T  cells  is  also  consistent  with  a  peripheral 
origin  for  most  PVS  lymphocytes,  because  most  periph¬ 
eral  blood  lymphocytes  are  also  CD38-  (21). 

PBMCs  bind  to  MECA-79*  HEVs  in  the  PVS  of  adult  normal 
and  MG  thymus.  We  observed  that  HEVs  could  frequently 
be  identified  in  normal  thymus  PVS  when  large  numbers 
of  lymphocytes  were  present  in  the  PVS.  Similarly,  thymus 
from  adult  patients  with  MG  that  had  large 
amounts  of  PVS  lymphoid  infiltrates  also 
contained  HEVs  within  the  PVS.  Peripheral 
lymph  node  HEVs  have  previously  been 
shown  to  be  immunoreactive  with  MECA- 
79  mAb,  which  recognizes  a  ligand  for  L- 
selectin  (13).  We  found  that  the  HEVs  pres¬ 
ent  in  the  PVS  of  adult  normal  and  MG 
thymus  react  strongly  with  MECA-79  mAb 
(Figure  5i),  similarly  to  HEVs  in  lymph 
nodes  that  have  been  shown  to  support 
lymphocyte  recirculation  through  a  mecha¬ 
nism  that  is  dependent  on  MECA-79  and  L- 
selectin  (26).  Thymic  PVS  HEVs  did  not 
react  with  mAb  MECA-367  (not  shown), 
which  is  specific  for  a  mucosal  addressin 
previously  shown  to  direct  migration  of 
lymphocytes  to  Peyer’s  patches  and  mesen¬ 
teric  lymph  nodes  (12, 27,  28). 

To  determine  whether  the  thymic  PVS 
HEVs  can  potentially  support  the  emigra¬ 
tion  of  peripheral  lymphocytes,  we  per¬ 
formed  in  vitro  assays  of  PBMC  binding  to 
tissue  sections,  as  described  previously  (17, 
18).  We  found  that  PBMCs  bound  specifi¬ 
cally  to  thymic  PVS  HEVs,  with  14  ±  3  lym¬ 
phocytes  (mean  ±  SD)  bound  per  HEV  in 
the  4  thymus  tissues  tested  .  These  studies 
demonstrate  that  PBMCs  bind  well  to  the 
MECA-79+  thymic  HEVs,  which  can  thus 
potentially  direct  the  migration  of  periph¬ 
eral  lymphocytes  into  the  thymic  PVS. 
Additional  studies  will  be  needed  to  deter¬ 
mine  the  precise  mechanisms  for  lympho¬ 
cyte  emigration  into  the  PVS. 

Discussion 

In  this  paper,  we  have  extensively  character¬ 
ized  the  thymic  PVS  of  adults  and  provided 
data  suggesting  a  peripheral  origin  for  PVS 
lymphocytes.  Our  identification  of  MECA- 
79+  HEVs  that  are  capable  of  binding  PBMCs 
suggests  a  mechanism  for  egress  of  peripher- 
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Figure  3 

LM-PCR  detects  ongoing  TCR  gene  rearrangement  in  pediatric  and  adult  thymocytes,  (a) 
LM-PCR  detects  free  signal  ends  generated  by  dsDNA  breaks  3'  and  5' of  the  DP2.1  TCR  gene 
segment,  corresponding  to  D-J  and  V-DJ  rearrangements,  respectively,  (b)  Specific  LM-PCR 
products  obtained  from  thymocytes  from  2  normal  individuals  less  than  6  months  old,  indi¬ 
cating  ongoing  V-DJ  (lanes  1  and  3;  409  bp)  and  D-J  (lanes  9  and  1 1 ;  492  bp)  rearrange¬ 
ment.  Controls  with  non-linker-ligated  DNA  amplified  with  primers  3  and  5  (lane  1 7)  or  2 
and  4  (lane  18)  demonstrate  the  appropriately  sized  germline  bands  (868  and  956  bp, 
respectively).  Lanes  using  mock-ligated  DNA  (lanes  2,  4, 10,  and  12),  DNA  lacking  the  TCR 
loci  (bacterial  DNA  ±  linker  ligation;  lanes  5,  6,  13,  and  14),  linker  alone  (lanes  7  and  15), 
and  PCR  blanks  (lanes  8  and  1 6)  are  negative.  The  higher  molecular  weight  bands  seen  in 
lanes  1  and  1 1  probably  represent  dsDNA  breaks  corresponding  to  additional  (nonproduc¬ 
tive)  rearrangements  in  cells  with  a  rearranged  DP2.1  locus.  However,  this  remains  to  be  for¬ 
mally  demonstrated  using  probes  and  primers  specific  for  sequences  unique  to  these  down¬ 
stream  regions,  (c)  LM-PCR  signals  generated  from  thymocytes  obtained  from  a  24-year-old 
male.  Eight-fold  dilutions  of  DNA  (decreasing  concentration  left  to  right)  were  linker  ligated 
and  subjected  to  LM-PCR  as  described.  Signals  corresponding  to  both  D-J  and  V-DJ 
rearrangements  were  detected  in  5  of  8  samples  (donor  age  and  gender:  24  M,  29  F,  27  F, 
41  F,  42  F).  Only  D-J  signals  were  detected  in  3  samples  (donor  age  and  gender:  28  F,  34  F, 
46  M).  All  tissues  tested  had  immunohistologic  evidence  for  thymopoiesis,  with  at  least  small 
foci  of  CD1  a+,  mib-1 +  lymphocytes  within  a  loose  network  of  thymic  epithelial  cells.  Template 
control  reactions  using  primers  2  and  4  amplified  the  appropriately  sized  germline  band. 


1036 


The  Journal  of  Clinical  Investigation  [  October  1999  |  Volume  104  |  Number  8 


Phenotypes  of  cells  present  in  the  thymic  PVS.  Thymus  from  a  42-year-old  female  with  MG  is  shown  in  order  to  allow  examination  of  relatively  large 
areas  of  PVS  within  a  single  field.  TES  active  in  thymopoiesis  is  highlighted  using  a  C  to  indicate  active  cortex,  with  an  arrow  pointing  to  the  medul¬ 
la.  The  cytokeratin  stain  (b)  also  demonstrates  inactive  TES  (arrowheads  in  a  and  b)  surrounded  by  PVS  (P).The  following  immunoperoxidase  stains 
demonstrate  phenotypes  of  celts  present  in  both  TES  and  PVS:  (c)  CD3,T  cells;  (d)  CD20,  B  cells;  (e)  CDIa,  immature  thymocytes;  (f)  mib-1,  pro¬ 
liferating  cells  (note  the  positive  reaction  of  both  CDIa  and  mib-1  mAb’s  [brown]  with  thymocytes  in  cortex  [C]  but  not  in  medulla  [arrow]);  (g) 
CD8,  immature  thymocytes  and  mature  CTLs;  (h)  CD45RO,  immature  thymocytes  and  mature  memoryT  cells,  (i)  MECA-79  immunostaining  high¬ 
lights  HEV  in  the  thymic  PVS  (P).  Inset  depicts  a  MECA-79  +  HEV  at  higher  magnification. 
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al  lymphocytes  into  the  PVS. 

Our  data  on  the  relative  proportions  of  the  TES  and 
PVS  in  normal  thymus  are  consistent  with  those  of 
Steinmann  (2),  who  used  silver  staining  to  identify  PVS 
containing  reticular  fibers  associated  with  extracellular 
matrix  deposition.  The  PVS  can  also  be  identified  by 
immunostains  for  fibronectin  and  laminin  (3,  29),  and 
by  mAb  TE7  (11).  In  this  study,  we  delineated  the  PVS 
from  the  TES  (cortex  and  medulla)  using  reactivity  of  the 
epithelial  component  of  the  TES  with  cytokeratin  mAb’s 
as  a  marker.  We  have  determined  the  epithelial  content 
of  aging  thymus,  including  the  development  of 
immunohistologic  assays  to  evaluate  the  extent  of  ongo¬ 
ing  thymopoiesis  in  archival  FFPE  thymus  tissues. 

We  also  report  a  definitive  molecular  assay  for  ongoing 
thymopoiesis  in  the  human  thymus,  using  the  LM-PCR 
assay  to  detect  dsDNA  breaks  that  occur  specifically  dur¬ 
ing  TCR  gene  rearrangement.  Previous  studies  have  used 
LM-PCR  to  investigate  V-D-J  recombination  in  mouse  thy¬ 
mocytes  (14, 22).  Recent  studies  have  measured  the  levels 
of  TCR  excised  circles  (TRECs)  in  blood  lymphocytes  to 
estimate  levels  of  thymopoiesis  (30-32).  However,  because 
TCR  excised  circles  are  long-lived  in  peripheral  T  cells,  and 
are  lost  only  by  dilution  during  cellular  proliferation,  a 
direct  correlation  between  TREC  levels  and  ongoing  thy¬ 
mopoiesis  cannot  be  made  with  this  assay.  The  LM-PCR 
assay  provides  a  snapshot  of  ongoing  TCR  gene  rearrange¬ 
ment  at  the  time  of  tissue  harvest,  and  this  provides  a 
definitive  measure  of  thymopoiesis  in  cases  where  fresh 
thymus  tissue  is  available. 

Our  studies  of  lymphocytes  in  the  TES  demonstrated 
that  the  presence  of  mature  CTLs,  as  indica  ted  by  expres¬ 
sion  of  the  TIA-1  granule  antigen,  is  rare  within  the  TES. 
These  results  fail  to  directly  support  the  hypothesis  of 
Hartwig  and  Steinmann  (6)  that  such  cells  are  responsi¬ 
ble  for  induction  of  atrophy  in  aging  thymus.  We  did 
find  that  TIA-1 +  CTLs  are  often  present  in  the  PVS  of 
both  normal  and  MG  adult  thymus  tissues  (Figure  4c). 
Because  cells  in  the  PVS  are  separated  from  the  TES  by  a 
basement  membrane  (3),  the  anatomic  localization  of 
thymic  CTLs  make  it  less  likely  that  these  CTLs  induce 
atrophy  of  the  TES  through  direct  effects  on  thymic 
epithelial  cells.  However,  CTLs  in  the  PVS  could  secrete 

Table  2 

I mmu noreactivity  of  lymphocytes  present  in  the  thymic  compartments 


Antibody 

Cortex 

Medulla 

PVS 

CD3 

++++ 

+++ 

+++ 

CD1  a 

++++ 

_A 

_A 

mib-1 

+++ 

+ 

+  + 

CD20 

+ 

+++ 

+  +  + 

CD45RA 

+ 

+++ 

+  + 

CD4SRO 

++++ 

+++ 

+  +  + 

TIA-1 

_B 

_B 

+ 

CD4 

+  +  +  + 

+  + 

+  + 

CD8 

+  +  +  + 

++  + 

+  + 

CD4  +  CD8 

+++  + 

- 

- 

CD38 

+  +  +  + 

+++ 

++c 

CD3  +  CD38 

+  +  +  + 

++  + 

+ 

Scoring  system  as  described  in  Methods.  Data  are  representative  of  6-70  tissues 
examined  for  single  stains,  and  3-5  tissues  examined  for  double  stains.  APositive  on 
cells  with  dendritic  morphology  only.  BPositive  only  on  rare  cells.  cPositive  on  B  cells 
and  T  cells  within  germinal  centers. 


cytokines  that  may  have  direct  or  indirect  effects  on  the 
process  of  thymic  atrophy. 

We  also  studied  the  PVS  of  MG  human  thymus  tissues 
in  parallel  with  normal  thymus  tissue.  As  reported  pre¬ 
viously,  we  found  that  histologic  changes  that  occur  in 
normal  human  thymus  with  aging  also  occur  in  MG  thy¬ 
mus.  The  follicular  hyperplasia  observed  in  some  of  the 
MG  thymus  tissues  is  histologically  similar  to  (although 
quantitatively  greater  than)  changes  occurring  in  normal 
thymus  during  aging.  Therefore,  both  normal  and  MG 
thymus  can  be  used  to  illustrate  the  changes  that  occur 
in  the  PVS  and  TES  of  the  human  thymus  with  aging. 

We  report  several  other  novel  observations.  First, 
although  eosinophils  have  previously  been  identified 
within  thymus  tissue  of  infants  (33,  34),  their  location 
within  the  PVS  and  their  decreased  prevalence  with  age 
has  never  been  described.  Our  data  showed  that  thymus 
from  children  2  years  of  age  or  younger  potentially  con¬ 
tains  sufficient  IL-5  to  support  eosinophil  differentia¬ 
tion,  consistent  with  the  hypothesis  that  eosinophils  dif¬ 
ferentiate  in  situ  within  the  PVS  of  pediatric  thymus 
early  in  life.  However,  because  IL-5  has  been  shown  to 
also  be  chemotactic  for  eosinophils  (35,  36),  increased 
eosinophil  migration  into  the  PVS  of  IL-5-expressing 
pediatric  thymus  tissues  cannot  be  ruled  out. 

Although  several  studies  have  suggested  that  lym¬ 
phocytes  present  within  the  PVS  may  be  of  peripheral 
origin  (see  below),  our  study  is  the  first  to  demonstrate 
that  these  PVS  lymphocytes  are  immunophenotypical- 
ly  consistent  with  peripheral  mature  cells.  Although 
many  surface  markers  expressed  on  PVS  lymphocytes 
are  also  expressed  on  lymphocytes  present  in  the  thymic 
medulla,  the  presence  of  large  numbers  of  CD  la"  , 
CD45RO+,  CD38~/Io'v  T  cells,  combined  with  the  pres¬ 
ence  of  TIA-1 +-activated  CTLs  within  the  PVS,  demon¬ 
strated  that  at  least  some  PVS  T  cells  are  not  new  virgin 
T  cells  exiting  from  the  thymic  medulla,  and  therefore 
most  likely  migrated  from  the  periphery.  The  presence 
of  B  cells  located  clearly  within  the  thymic  medulla 
(Figure  4b)  raises  the  question  of  whether  those  cells 
arose  in  the  medulla,  in  contrast  to  PVS  B  cells  that  may 
come  from  the  periphery.  The  contribution  of  the  thy¬ 
mus  to  the  process  of  B-cell  development  has  not  been 
studied  adequately,  and  the  potential  contributions  of 
thymic  B  cells  to  the  peripheral  immune  B-cell  reper¬ 
toire  remain  unclear. 

The  question  of  whether  T  cells  in  the  thymic  PVS  orig¬ 
inate  within  the  thymus  or  migrate  from  the  periphery 
has  been  previously  addressed  in  animal  models.  Savino 
et  al.  (29)  described  the  existence  of  giant  thymic  PVS  in 
the  nonobese  diabetic  mouse.  Cells  within  the  PVS  of 
these  animals  were  resistant  to  sublethal  irradiation  with 
x-rays  and  hydrocortisone  treatment,  and  were  conclud¬ 
ed  to  be  mature  lymphocytes,  consistent  with  our  more 
extensive  phenotypic  characterization  of  PVS  cells  in 
human  thymus. 

Finally,  the  identification  and  localization  of  HEVs  with¬ 
in  the  PVS  of  human  thymus  is  important.  The  existence 
of  HEVs  within  the  thymus  has  previously  been  reported 
in  preleukemic  mice  (37),  although  those  authors  did  not 
recognize  the  existence  of  the  PVS  and  described  these 
HEVs  as  occurring  within  the  thymic  medulla.  “Occasion- 


1038 


The  Journal  of  Clinical  Investigation  j  October  1999  J  Volume  104  [  Number  8 


al,  predominately  medullary  MECA-79+  HEV[s]”  were 
reported  previously  in  postnatal  human  thymus  (38);  how¬ 
ever,  the  significance  was  not  discussed  and  anatomic  loca¬ 
tion  was  similarly  imprecise.  The  expression  of  MECA-79 
(a  ligand  for  L-selectin)  on  the  HEVs  in  the  PVS  suggests  a 
mechanism  by  which  peripheral  lymphocytes  could  access 
the  thymic  PVS,  similar  to  mechanisms  described  in 
peripheral  lymph  nodes  and  sites  of  inflammation  (38). 
Our  studies  using  in  vitro  lymphocyte  binding  assays 
demonstrate  that  peripheral  blood  lymphocytes  can  bind 
to  thymic  HEVs  and  thus  potentially  migrate  into  the 
thymic  PVS.  The  function  of  these  PVS  lymphocytes  in 
relation  to  the  process  of  thymic  involution  has  not  been 
established,  although  temporally,  the  largest  infiltrate  vol¬ 
umes  are  seen  in  the  age  ranges  where  more  rapid  involu¬ 
tion  occurs.  The  mechanisms  regulating  HEV  develop¬ 
ment  in  the  PVS  are  still  unknown. 

Taken  together,  our  studies  suggest  that  the  thymic 
PVS  is  a  compartment  of  the  peripheral  immune  system 
that  is  not  directly  involved  in  thymopoiesis.  Under¬ 
standing  the  relationships  between  the  trafficking  of 
peripheral  lymphocytes  to  thymic  PVS  should  lead  to 
insights  into  mechanisms  of  thymic  atrophy  and  control 
of  postnatal  thymic  function. 
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